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Plant cell wall degrading enzymes are key technological components in biomass bioconversion platforms
for lignocellulosic materials transformation. Cost effective production of enzymes and identiﬁcation of
efﬁcient degradation routes are two economic bottlenecks that currently limit the use of renewable feed-
stocks through an environmental friendly pathway. The present study describes the hypersecretion of an
endo-xylanase (GH11) and an arabinofuranosidase (GH54) by a fungal expression system with potential
biotechnological application, along with comprehensive characterization of both enzymes, including
spectrometric analysis of thermal denaturation, biochemical characterization and mode of action descrip-
tion. The synergistic effect of these enzymes on natural substrates such as sugarcane bagasse, demon-
strated the biotechnological potential of using GH11 and GH54 for production of probiotic
xylooligosaccharides from plant biomass. Our ﬁndings shed light on enzymatic mechanisms for xylooli-
gosaccharide production, as well as provide basis for further studies for the development of novel enzy-
matic routes for use in biomass-to-bioethanol applications.
 2012 Elsevier Ltd. All rights reserved.1. Introduction radation of recalcitrant plant cell wall polymers into fermentableLignocellulosic biomass has great potential as a renewable en-
ergy source and is considered the most promising feedstock for
producing biofuels due to its versatility, availability and low cost.
Biomass hydrolytic enzymes are key technological components
for the efﬁcient use of renewable feedstuffs through an environ-
mentally friendly bioconversion routes. Bottlenecks in this process
include the cost effective production of enzymes and efﬁcient deg-ll rights reserved.
l de Pesquisa em Energia e
e Tecnologia do Bioetanol
razil. Tel.: +55 19 3518 3111;
. Squina).sugars (Pauly and Keegstra, 2008). Therefore, development of
new routes for plant feedstock bioconversion into simple sugars,
along with strategies for production of enzymes at high yield, are
main foci in the biofuel research ﬁeld.
Xylans can be broadly classiﬁed as homoxylans, arabinoxylans,
glucuronoxylans, and arabinoglucuronoxylans (Polizeli et al.,
2005). Arabinoxylans are the main hemicellulose forms in plant
cell walls, especially in cereal grains such as wheat, and consist
of a xylose backbone with arabinose residues linked to its O-2 or
O-3 (Polizeli et al., 2005). One of the critically important enzymatic
activities required to break down the xylan backbone are provided
by endo-1,4-b-xylanases. These enzymes cleave the b-1,4 glyco-
sidic linkage between xylose residues in the backbone. Xylanases
have been classiﬁed into glycoside hydrolases (GH) families 5, 7,
8, 10, 11, and 43 on the basis of their amino acid sequences,
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1997; Cantarel et al., 2009).
It is known that complex substrates such as wheat bran that
contain large amounts of arabinoxylan are not easily degraded by
endo-xylanases without prior or simultaneous treatment with ara-
binofuranosidases (ABF) (Polizeli et al., 2005). The function of ABF
in xylan deconstruction is to remove arabinose side chains from
the xylose backbone of arabinoglucuronoxylan. These enzymes
are found in four different GH families (43, 51, 54, and 62), and
can hydrolyze glycosidic linkages with net inversion (GH 43) or
retention (GH 51, 54) of the stereochemical conﬁguration at the
anomeric carbon (Dodd and Cann, 2009).
In the present study, the genes encoding the Penicillium funicu-
losum endo-xylanase (XynC) and the Aspergillus niger arabinofura-
nosidase (AbfB) were transferred into the model organism,
Aspergillus nidulans. In contrast to bacterial expression systems
(Sorensen and Mortensen, 2005) the fungal heterologous protein
expression systems has the ability to secrete large amounts of pro-
tein into the culture medium, eliminating the need for cell lysis
and protein puriﬁcation processes which are often time consuming
and costly (Sharma et al., 2009). The pEXPYR shuttle vector (Segato
et al., 2012) was used for the heterologous overexpression in A.
nidulans of the P. funiculosum endo-1,4-xylanase (XynC) (Furniss
et al., 2002) and the A. niger a-larabinofuranosidase (AbfB) (Flipphi
et al., 1993). The recombinant enzymes were puriﬁed and charac-
terized. Moreover, the mode of action and synergies for hemicellu-
losic substrate degradation were investigated with respect to the
release of xylooligosaccharides from sugarcane bagasse pulp and
arabinoxylan. The xylooligosaccharides are recognized as probio-
tics with beneﬁts to human health (Chapla et al., 2011), and their
production from hemicellulosic substrates is interesting not only
for biomass conversion, but also for the production of feedstock
chemicals, pharmaceuticals and animal feed.2. Methods
2.1. Microbial strains, culture conditions and plasmids
A. niger ATCC 1015 and P. funiculosum ATCC 62998 (obtained
from the American Type Culture Collection, Manassas, Virginia)
were cultured in deﬁned complete medium supplemented with
1% glucose at 30 C under static conditions. A. nidulans A773 strain
(pyrG89, WA3, pyroA4; obtained from the Fungal Genetic Stock
Center, University of Missouri, Kansas City, Missouri) was cultured
in minimal medium (MM) supplemented with uracil, uridine and
pyridoxine (Segato et al., 2012). One Shot TOP10 competent
E. coli (Invitrogen) was used to propagate plasmids with cloned
PCR products. The vector pEXPYR is an expression system, which
can be used in different Aspergilli species. It was derived from
pFE2, a vector that has been successfully used for protein produc-
tion in ﬁlamentous fungi (Squina et al., 2009; Knoshaug et al.,
2008). The pEXPYR system includes a maltose-inducible promoter,
a signal sequence for secretion, two selectable markers that enable
positive and negative selection, respectively for zeocin resistance
and an auxotrophic gene marker pyrG from A. niger (Segato et al.,
2012). The pEXPYR shuttle vector was used for the heterologous
expression in A. nidulans of the P. funiculosum endo-1,4-xylanase
(XynC/CAC15487) and the A. niger a-L-arabinofuranosidase (AbfB/
AAB53944). The cloning of xynC and abfB genes was also reported
in previous studies (Furniss et al., 2002; Flipphi et al., 1993).2.2. Cloning of xynC from P. funiculosum and abfB from A. niger
The genomic DNAs from fresh mycelia of P. funiculosum and A.
niger, grown in CM-glucose, were isolated as follows. The myceliawere harvested in a Buckner funnel with a ﬁlter paper and, after
grinding in a mortar with liquid nitrogen, were treated with
600 ll of genomic DNA extraction solution (10% of 0.5 M EDTA
and 1% SDS). The suspension was heated at 68 C for 10 min and
centrifuged at 13,000g for 5 min. A volume of 40 ll potassium ace-
tate (5 M) was added to the supernatant, mixed by inversion and
the mixture was placed on ice for 10 min. The suspension was cen-
trifuged again, at 13,000g for 5 min, and 2.5 volumes of 95% (v/v)
ethanol (EtOH) were added to the supernatant. The DNA was pel-
leted by centrifugation and washed twice in 70% (v/v) EtOH, air
dried and stored in DNAse free water.
The coding sequences for the genes XynC and AbfB were ampli-
ﬁed with the polymerase chain reaction (PCR) using Platinum Pfx
DNA polymerase (Invitrogen) with the primers xynC fwd 50-TA-
TAGCGGCCGCGCTTCCCATCAGAACTTGCTCAACGCGC-30, xynC rev
50-TATATCTAGACTAGGACACTGTGATGGTACTAGAGCCACT-30 and
abfB fwd 50-TATAGCGGCCGCGGCCCCTGTGACATCTACGAAGCCGGC-
GAC-30, abfB rev 50-TATATCTAGATTACGAAGCAAACGCCGTCTCAA
TCTCAAA-30 which included the restriction sites for NotI and XbaI
(indicated in bold), respectively, to clone the genes in the correct
orientation in the pEXPYR vector. The following touchdown PCR
cycle parameters were used: denaturation at 95 C for 1 min,
annealing at 60 C for 30 s and extension at 68 C for 3 min, with
repetitions of previous cycles lowering the annealing temperature
by 2 C per cycle until an annealing temperature of 52 C was
reached. Subsequently, 28 cycles of 95 C for 30 s, 52 C for 30 s
and 68 C for 3 min were used, followed by a ﬁnal extension at
68 C for 10 min.
2.3. Heterologous expression and puriﬁcation of XynC and AbfB
After successful cloning of the selected genes into pEXPYR was
conﬁrmed by sequencing, the plasmid was transformed into A.
nidulans A773 as described previously (Tilburn et al., 1983). Trans-
formants were recognized by their ability to grow in the absence of
uracil and uridine. Twelve randomly selected integrants were sub-
mitted to small-scale induction. The screening of several integra-
tive clones was performed to overcome the often-encountered
random genome-integration site problem, as previously described
(Squina et al., 2009). The protein expression was carried out in
minimal medium, supplemented with pyridoxine and 2% maltose
as inducer (expression medium), at 37 C under static conditions.
XynC and AbfB production were monitored by analyzing the cul-
ture supernatant in 12% SDS–PAGE.
The best recombinant A. nidulans strains expressing XynC and
AbfB were grown in a tray with 500 ml of expression medium for
48 h at 37 C under static conditions. The mycelia were ﬁltered
with ﬁlter paper (Whatman No. 1) and the crude extract was con-
centrated through an Amicon membrane (10 kDa cut-off – Milli-
pore) and buffer-exchanged into 50 mM sodium phosphate buffer
pH 6. Both enzymes were puriﬁed by chromatography using Super-
dex G-75 followed to Resource Q (GE Healthcare). The protein frac-
tions were collected, assayed for enzymatic activity as previously
described (Squina et al., 2009) and analyzed by SDS–PAGE.
2.4. Enzyme characterization
Birchwood xylan, beechwood xylan and oat spelt xylan were
purchased from Sigma (USA), rye ﬂour arabinoxylan (soluble)
and wheat ﬂour arabinoxylan (insoluble), as well as linear arab-
inan, debranched arabinan and sugar beet arabinan were from
Megazyme (Ireland). Pretreated sugar cane bagasse was prepared
by treatment with equal parts glacial acetic acid (8.74 M) and
hydrogen peroxide (21.61 M) at 60 C for 7 h.
The enzymatic reaction mixtures, consisting of 50 ll substrate
(0.5% w/v) in water and 50 ll enzyme solution in 100 mM sodium
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for 10 min for XynC and 15 min for AbfB. The reaction was stopped
by addition of 100 ll of 3,5-dinitrosalicylic acid and immediately
boiled for 5 min. The solution was assayed at 540 nm, in an Inﬁnite
M200 spectrophotometer (Tecan-Switzerland) to measure the re-
lease of reducing sugars. The enzymatic activity and substrate
speciﬁcity were determined by the amount of reducing sugar liber-
ated from different polysaccharides substrates by the 3,5-dinitro-
salicylic acid method using xylose and arabinose as standards,
according to previous reports (Squina et al., 2009). The units were
deﬁned as lmol reducing sugar/min. In the case of xylanase activ-
ity, the amount of reducing sugar was determined using xylose as
reference, or in the case of ABF activity the reducing sugar refer-
ence was arabinose. The total protein amount was measured by
the Bradford method. The primary sequences without signal pep-
tides were used to calculate the apparent molecular weights of
XynC and AbfB, as well as the molar extinction coefﬁcient using
the ExPASy – ProtParam tool.
To determine the optimum pH and temperature proﬁles, the
enzymatic reactions were carried out at different pH in McIlvaine’s
buffer system (McIlvaine, V1921) and various temperatures. For
thermostability evaluation, the enzymes were incubated at 40,
50, 60, and 70 C, and aliquots were taken at intervals and their
residual activity was measured. The kinetic parameters km, Vmax,
Kcat, and Kcat/km were determined by enzyme assays, varying sub-
strate concentration and measuring rates of reactions. Mathemat-
ical adjustments were made using the software Graph Pad Prism
5.0 (GraphPad Software) to calculate the parameters. The assays
were performed in triplicate and at least three independent exper-
iments were carried out.
2.5. Mass spectrometry
The protein bands in SDS–PAGE, derived from puriﬁed enzyme
preparation of XynC and AbfB, were excised, treated as previously
described (Damásio et al., 2011) and digested with trypsin. Sam-
ples were resuspended in 12 lL of 0.1% formic acid, and an aliquot
(4.5 lL) of the resulting fraction was separated by C18
(100 lm  100 mm) RP-nanoUPLC (nanoAcquity, Waters) coupled
with mass spectrometer Q-Tof Ultima (Walters) with nano-electro-
spray source with a ﬂow of 0.6 lL/min. The gradient was 2–90%
acetonitrile in 0.1% formic acid over 20 min. The nanoelectrospray
voltage was set to 3.5 kV, a cone voltage of 30 V and the source
temperature was 100 C. The instrument was operated in the ‘top
three’ mode, in which one MS spectrum is acquired followed by
MS/MS of the top three most-intense peaks detected. The spectra
were acquired using software MassLynx v.4.1 and the raw data
ﬁles were converted to a peak list format (mgf) by the software
Mascot Distiller v.2.3.2.0, 2009 (Matrix Science Ltd.) and searched
against NCBI database (15,270,974 sequences; 5234,858,139 resi-
dues) using engine Mascot v.2.3.01 (Matrix Science Ltd.), with
carbamidomethylation as ﬁxed modiﬁcations, oxidation of methi-
onine as variable modiﬁcation, one trypsin missed cleavage and a
tolerance of 0.1 Da for both precursor and fragment ions. Only pep-
tides with a minimum of ﬁve amino acid residues that showed sig-
niﬁcant threshold (p < 0.05) in Mascot-based score were
considered as a product of peptide cleavage (Paes Leme et al.,
2012).
2.6. Capillary electrophoresis of oligosaccharides
Oligosaccharides released by the enzyme action, as well as,
xylohexaose and arabinoheptaose (Megazyme) were derivatized
with 8-aminopyrene-1,3,6-trisulfonic acid (APTS) by reductive
amination as described previously (Cota et al., 2011). Enzymatic
reactions were performed as described in section 2.4, except that1 pmol of APTS-labeled oligosaccharides was used as substrate.
Capillary electrophoresis of oligosaccharides was performed using
a P/ACETM MDQ system (Beckman Coulter) with laser-induced
ﬂuorescence detection. A fused-silica capillary (TSP050375, Poly-
micro Technologies) of internal diameter 50 lm and length of
31 cm was used as separation column for the oligosaccharides.
Samples were injected by application of 0.5 psi for 0.5 s. Electro-
phoresis conditions were 15 kV/70–100 lA with the cathode at
the inlet, 0.1 M sodium phosphate pH 2.5 as running buffer and a
controlled temperature of 20 C. The capillary was rinsed with
1 M NaOH followed by running buffer with a dip-cycle to prevent
carry over after injection. Oligomers labeled with APTS were ex-
cited at 488 nm and emission was collected through a 520 nm
band pass ﬁlter. Because of the small volumes of capillary electro-
phoresis combined with small variations in buffer strength, reten-
tion times varied slightly when comparing separate
electrophoresis runs. The combined information obtained from
the electrophoretic behavior and co-electrophoresis with mono
and oligosaccharides standards (purchased from Sigma and Mega-
zyme) was used to identify the degradation products.2.7. Sugarcane bagasse and analysis by HPAE–PAD
The supernatants that resulted from enzymatic hydrolysis of
sugarcane pulp were analyzed by high performance anion ex-
change–pulsed amperometric detection (HPAE–PAD) to detect oli-
gosaccharides released by XynC and/or AbfB. The separation was
performed using a Dionex ICS 3000 instrument with a CarboPac
PA1 column (4  250 mm) and CarboPac PA1 guard column
(4  50 mm), with a linear gradient of 72–100 mM NaOH in
500 mM sodium acetate buffer over 15 min with ﬂow rate of
0.8 mL min1. The oligosaccharide peak areas in HPAE–PAD were
used to determine synergistic activity using Dionex Chromeleon
6.8 software. The integrated peak areas were adjusted based on
standards (xylobiose, xylotriose, xylotetraose, xylopentaose, xylo-
hexaose) purchased from Megazyme.2.8. XynC and AbfB circular dichroism spectroscopy
Far-UV circular dichroism (CD) spectra were recorded on a Jasco
J-810 spectropolarimeter (Jasco International Co.). CD measure-
ments were carried out in a 1-mm quartz cuvette, using the wave-
length range of 190–250 nm and prediction of secondary structure
from spectra were conducted as previously described (Cota et al.,
2011).3. Results and discussion
3.1. XynC and AbfB production and puriﬁcation
The A. nidulans recombinant strains secreting XynC (total
amount of secreted protein was 0.6 mg/mL; xylanase activity was
301.2 U/mg, assayed with rye arabinoxylan as substrate) and AbfB
(total amount of secreted protein was 1.6 mg/mL; the activity was
115.55 U/mg, assayed with arabinan from sugar beet as substrate)
were grown for puriﬁcation and characterization of the enzymes.
Protein puriﬁcation steps included size exclusion chromatography
and ion exchange chromatography, which resulted in puriﬁed en-
zyme suitable for biochemical and biophysical assays (Fig. 1A
and B). The identity of the puriﬁed proteins and its heterologous
source were conﬁrmed by LC–MS/MS analysis, (Fig. 1A and B) with
trypsin. The MS analysis identiﬁed three and eleven peptides that
matched with tryptic peptides of XynC and AbfB, respectively
(Table 1).
Fig. 1. Expression, secretion and puriﬁcation of recombinant XynC and AbfB by A.
nidulans. (A) Lane 1: SDS–PAGE analysis of XynC secretion after culturing for 48 h in
2% maltose-minimal medium. Lane 2: XynC preparation after gel ﬁltration
chromatography in Superdex G-75 followed by Resource-Q (Lane 3). Lane 4: XynC
after deglycosylation assay (⁄band corresponding to PNGase F). (B) AbfB ﬁltrate
after culturing for 48 h in 2% maltose-minimal medium (Lane 1), puriﬁed by
chromatography in Superdex G-75 (Lane 2) and Resource-Q (Lane 3). The molecular
weight of the ladder is expressed in KDa.
Table 1
Peptides identiﬁed in XynC and AbfB by LC–MS/MS.
Peptides m/z (charge ratio)
XYNC NPANAQTVTY 1078.4366 (+1)
NPANAQTVTY 539.7589 (+2)
TSLGQVTSDGGTY 643.2631 (+2)
ABFB SWSYPTR 448.7064 (+2)
GGADKWAIR 487.2718 (+2)
VTTPGYTTR 498.2661 (+2)
AYGVFMSPGTGYR 703.3352 (+2)
ALYSSFSGALYQLQR 852.4417 (+2)
YVSGSLVSGPSFTSGEVVSLR 1064.553 (+2)
YVSGSLVSGPSFTSGEVVSLR 710.0428 (+3)
HYENVLYAASNGGVQTFDSK 734.0173 (+3)
QFHEDATFCPQAPLNGEGTSLR 825.7113 (+3)
YIAHTDTTVNTQVVDDDSSTTLK 842.0754 (+3)
GGNAASGSLSTYYSGARPDYSGYNPMSK 953.4241 (+3)
Fig. 2. XynC and AbfB thermal denaturation proﬁles. Each circular dichroism
spectrum represents an average of eight scans. (A) Far-UV CD spectra of XynC and
(B) Far-UV CD spectra of AbfB.
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(CAC15487) was identiﬁed as a polypeptide with 223 amino acid
residues, which is assigned as GH11 family member according to
CAZY database (Henrissat and Davies, 1997). Proteins from this
family typically have a molecular weight of about 20 kDa (Deng
et al., 2006). The SDS–PAGE in Fig. 1A-Lane 1 illustrates the XynC
expression pattern after 48 h incubation. XynC apparent molecular
weight (MW) in SDS/PAGE was approximately 24 kDa, similar to
the 22.4 kDa calculated by the ExPASy ProtParam tool (Gasteiger
et al., 2005). The adjacent faint band revealed by SDS–PAGE
(Fig. 1A-Lanes 2 and 3) was also analyzed by LC–MS/MS, and iden-
tiﬁed as XynC. Thus, the observed variation could be the result of
protein glycosylation (Deshpande et al., 2008; Somera et al.,
2009). After PNGase F assay only a single band was observed by
SDS–PAGE (Fig. 1A-Lane 4). A number of N- and O-glycosylated
sites were predicted for XynC (NetNGlyc and NetOGlyc predic-
tions; (Julenius et al., 2005). Collectively, the results by LC–MS/
MS and the deglycosylation assays suggest that the two bands seen
in SDS/PAGE are variants of the same protein.
AbfB is assigned to the GH54 family according to the CAZY data-
base (AAB53944). Based on SignalP (http://www.cbs.dtu.dk/ser-
vices/SignalP/) a potential signal peptide was predicted (residues
from 1 to 18). Excluding that sequence, the mature recombinant
protein consists of 481amino acids with a calculated molecular
weight of 50.65 kDa and isoelectric point of 3.95 (Gasteiger et al.,2005). The AbfB apparent MW was approximately 60 kDa by
SDS–PAGE (Fig. 1B). According to previous studies (Flipphi et al.,
1993), the difference between predicted and observed MW could
be due to N- and, principally, O-glycosylation, which is consistent
with NetNGlyc and NetOGlyc predictions (Julenius et al., 2005).3.2. Spectroscopic analysis of thermal denaturation
The XynC and AbfB thermal stability was assessed by monitor-
ing the effect of temperatures over the range 20–100 C on protein
secondary structure, as measured by the changes in the far-UV CD
spectrum (Fig. 2). The far-UV CD spectra show a positive band at
195–200 nm and a negative band at 210–220 nm for both XynC
(Fig. 2A – 20 C) and AbfB (Fig. 2B – 20 C), which is a typical proﬁle
observed for proteins rich in b-sheet structures (Corrêa and Ramos,
2009). In agreement with a previously reported crystal structure
(Payan et al., 2004), XynC displays one a helix and 14b strands,
forming two curved b sheets. According to the CD spectral data,
the globular structure of XynC is progressively lost after increasing
the temperature above 50 C (Fig. 2A), and this behavior was irre-
versible when the temperature was shifted back to 20 C (data not
shown).
The AbfB secondary structure switched from b sheet to a sug-
gested random coil conformation by increasing temperature
(Fig. 2B) (Gratzer and Cowburn, 1969; Chevalier et al., 2010).
According to CD spectral data, the secondary structure was pro-
gressively lost after increasing the temperature above 60 C
(Fig. 2B). The 3-D structure of an a-L-arabinofuranosidase from
Aspergillus kawachii IFO 4308 was previously solved (Miyanaga
et al., 2004). The enzyme displayed a b jelly-roll fold that is similar
to Clan GH-B (Henrissat and Davies, 1997). A C-terminal arabinose-
binding domain was identiﬁed in AbfB by BLAST alignment, and
this domain (residues from 332 to 476) contains three subdomains
named a, b and c (Miyanaga et al., 2004).3.3. Biochemical characterization
The XynC optimal temperature and pH was 55 C and 5.0,
respectively (data not shown), retaining more than 50% activity
Table 2
Relative activities of XynC and AbfB and various substrates.
Polysaccharide Relative activity (%)
XynC AbfB
Rye ﬂour arabinoxylan 100 2.1
Xylan form beechwood 93 nd
Xylan from birchwood 77 2.1
Wheat ﬂour arabinoxylan 18 nd
Arabinan from sugar beet nd 100
Debranched arabinan nd 1.9
Linear arabinan nd 1.8
The rye ﬂour arabinoxylan was used as the 100% basis.
Nd, not determined.
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results by Furniss et al. (2002). According to other studies, endo-
xylanases show a wide range of optimum temperatures (40 to
75 C) and pH (2.0–8.0) (Polizeli et al., 2005). The km and Vmax val-
ues for XynC were determined using rye arabinoxylan (0.9816%w/v
and 3542 U/mg, respectively). XynC was able to hydrolyze xylans
of birchwood, Beechwood, oatspelt, and rye ﬂour arabinoxylan
(soluble) and to a lesser extent, wheat ﬂour arabinoxylan (insolu-
ble) (Table 2). GH10 endo-xylanases show lower substrate speciﬁc-
ity and thus degrade xylan backbones with many substitutions,
while GH11 endo-xylanases present higher substrate speciﬁcity
with preference for unsubstituted xylan chains (Biely et al., 1997;
Pollet et al., 2010). Furniss et al. (2002) veriﬁed that XynC exhibited
a higher activity on the soluble fraction of wheat arabinoxylan than
on the insoluble fraction.
The optimal temperature and pH for AbfB activity were 60 C
and 4.5, respectively (data not shown). According to other studies,
arabinofuranosidases show a wide range of optimum temperatures
(40–90 C) and pH (3.3–9.0) (Numan and Bhosle, 2006). AbfB was
assayed with various polysaccharides (mixed b-glucan, pectin,
branched and debranched xylans and arabinan-chain polysaccha-
rides, etc.) and displayed hydrolytic activity only on arabinan con-
taining polysaccharides (data not shown). The highest activity was
observed on sugar beet arabinan (Table 2), in which approximately
60% of the main-chain arabinofuranosyl residues are substituted
by single 1,3-linked arabinofuranosyl groups (Ara:Gal:Rha:Ga-
lA = 88:3:2:7) (Megazyme). In accordance with a previous report
(Flipphi et al., 1993), AbfB was able to hydrolyze p-nitrophenyl-
a-L-arabinofuranoside (pNP-ara) (data not shown) and therefore
can be classiﬁed as an arabinofuranosidase from subclass 1, which
includes enzymes that release arabinose from both singly and dou-
bly substituted xylose, and are able to hydrolyze pNP-ara (NumanFig. 3. Capillary electrophoresis of APTS-labeled oligosaccharides. (A) APTS-labeled xyloh
(C) complete hydrolysis of xylohexaose releasing APTS labeled xylotetraose and xylotrio
APTS-labeled xylohexaose (A). (D) APTS-labeled arabinoheptaose (substrate); (E–G) produ
preferentially hydrolyzed linkages by enzyme action in APTS-labeled arabinoheptaose (and Bhosle, 2006; Ferre et al., 2000). The km and Kcat values for AbfB
on arabinan from sugar beets were 2.08 mg mL1 and 273.6 s1,
respectively.
3.4. Mode of action and synergistic activity
Fig. 3A–C describes an attempt to deﬁne the XynC mode of ac-
tion using APTS-labeled xylohexaose through capillary electropho-
resis. The major released products from APTS-labeled xylohexaose
were trimers and tetramers, without accumulation of APTS-labeled
xylose (Fig. 3B and C). The formation of APTS labeled xylotetraose
suggests that non labeled xylobiose was also produced, which can-
not be detected by the ﬂuorescence detector (Fig. 3A). The predom-
inant release of APTS-labeled xylotriose and xylotetraose suggests
that the enzyme attacks more often the third and fourth xylose res-
idues from the non-reducing terminal end of xylohexaose, which is
typical of GH11 xylanases (Squina et al., 2009; Damásio et al.,
2011).
The AbfB hydrolysis pattern was assessed with APTS-labeled
arabinoheptaose. As can be seen in Fig. 3D–G, AbfB systematically
removed arabinose units from the non-reducing end of APTS-la-
beled arabinoheptaose. Arabinofuranosidases are also grouped into
A and B subgroups (Kuhnel et al., 2010). The subgroup B is active
towards pNp arabinofuranoside and beet arabinan polymers, as is
the ABF from the present study, which acts mainly on a-1,3-linked
arabinose compared to a-1,5-linkages. This hydrolytic behavior
was conﬁrmed based on the higher hydrolysis rate of AbfB on
branched arabinan (arabinan from sugar beet) when compared to
a-1,5 linkages of debranched arabinan (Table 2).
GH11 endo-xylanases hydrolyses preferentially debranched xy-
lan chains (Pollet et al., 2010; Biely et al., 1997). To improve arabin-
oxylan hydrolysis, XynC was combined with AbfB. The synergism
assays were carried out at 50 C, a temperature in which both en-
zymes were fully stable and work at high efﬁciency, using rye and
wheat arabinoxylan as substrates. The synergistic action of XynC
and AbfB could be observed for both arabinoxylan substrates (data
not shown). The degree of synergy was higher on insoluble wheat
ﬂour arabinoxylan (1.6) than on rye ﬂour arabinoxylan (1.2). These
values were calculated based on the ratio between synergistic
activity (XynC + AbfB) and the sum of the activities of each enzyme
separately (Raweesri et al., 2008). Sorensen et al. (2007) also have
reported synergistic hydrolysis of insoluble arabinoxylan by com-
mercial xylanolytic preparations.
The same approach was used to evaluate the synergic hydroly-
sis of pretreated sugarcane bagasse. The composition of the pre-
treated sugarcane bagasse was cellulose (59.8%), xylan (32.5%),
arabinan (2.5%), galactan (0.7), and lignin (2.1%) (Table 3). Xylool-exaose (substrate); (B) XynC released products proﬁle after xylohexaose hydrolysis;
se. The arrow indicates the preferentially hydrolyzed linkages by enzyme action in
cts released from arabinoheptaose after hydrolyses by AbfB. The arrow indicates the
D).
Table 3
Chemical composition of pretreated sugarcane
bagasse.
Component Content (% w/w)
Arabinan 2.52 ± 0.04
Galactan 0.68 ± 0.01
Cellulose 59.88 ± 1.08
Xylan 32.47 ± 0.54
Lignin 2.14 ± 0.12
Ash 0.56 ± 0.00
Fig. 4. Analysis by HPAE–PAD of oligosaccharides released from sugarcane bagasse
after hydrolysis with XynC and AbfB, combined or separated. The hydrolysis was
carried out at 50 C for 5 h and 1000 rpm. The sugar cane bagasse was suspended at
1 mg/mL (w/v) in 50 mM ammonium acetate buffer, pH 5.0. The peak (1) is xylose,
followed by xylooligosaccharides greater than two sugar residues (2 through 9). The
peaks areas were integrated based on standards (xylobiose, xylotriose, xylotetraose,
xylopentaose and xylohexaose purchased from Megazyme). The arabinose HPAE–
PAD detection was at 6 min and is not shown.
Table 4
Synergistic hydrolysis of sugarcane bagasse pulp by XynC and AbfB.
Chrom. peak* Area nC. min Degree of Synergyb
AbfB XynC XynC + AbfB
A 1.30 ± 0.05 nd 5.19 ± 0.30 4.10
1 nda 5.21 ± 0.15 8.70 ± 0.17 1.67
2 nd 2.98 ± 0.21 4.60 ± 0.22 1.54
3 nd 3.81 ± 0.14 6.86 ± 0.28 1.79
4 nd 2.40 ± 0.05 4.43 ± 0.11 1.85
5 nd 2.21 ± 0.04 3.80 ± 0.09 1.71
6 nd 1.29 ± 0.05 2.40 ± 0.09 1.82
7 nd 1.21 ± 0.07 2.07 ± 0.13 1.71
8 nd 0.83 ± 0.03 1.52 ± 0.05 1.82
9 nd 0.67 ± 0.04 1.18 ± 0.05 1.76
The protein amount of XynC and AbfB in the assays was 350 and 790 nM,
respectively.
The enzymatic activity was estimated as result of chromatogram area (nC min).
Data are average values ± standard deviation (SD) derived from three independent
experiments. The arabinose HPAE–PAD detection (A) was at 6 min and is not shown
in Fig. 4. The peak (1) is xylose, followed by xylooligosaccharides greater than two
sugar residues (2 through 9). The peaks areas were integrated based on standards
(xylobiose, xylotriose, xylotetraose, xylopentaose and xylohexaose purchased from
Megazyme).
a Not detected.
b These values were calculated as the ratio between the simultaneous activity
both enzymes (XynC + AbfB) and the sum of the activities of each enzyme separately
(Raweesri et al., 2008).
* The chromatography peak is indicated in Fig. 4.
Fig. 5. Capillary electrophoresis analysis of APTS-labeled degradation products
produced from rye ﬂour arabinoxylan by XynC and AbfB. Rye arabinoxylan was
hydrolyzed by (A) AbfB (79 nM), (B) XynC (350 nM), or (C) both enzymes
simultaneously at 50 C for 2 h. The reaction products were dried and derivatized
with APTS. Xylose (X) and arabinose (A) co-migrate in the same peak when
analyzed by capillary electrophoresis. Xylooligosaccharides standards (Xilobiose,
Xilotriose and Xilotetrose) were purchased from Megazyme. As indicated by the
arrows, some peaks were signiﬁcantly less intense or disappeared when both
enzymes were present.
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dation by XynC or both enzymes simultaneously (XynC + AbfB)
(Fig. 4). Based on the integrated peak area values (nC min), a syn-
ergistic effect of XynC and AbfB for the production of xylooligosac-
charides, after 5 h of hydrolysis was observed (Table 4). It is
important to highlight that pretreatment of sugarcane bagasse ex-
poses xylose-containing polysaccharides, therefore granting the
enzymatic accessibility for production of xylooligosaccharides.
Aiming to further evaluate production of xylooligosaccharides
by AbfB and XynC, hydrolysis products derived from rye arabin-
oxylan were analyzed by capillary electrophoresis. In agreement
with the HPLC analysis of sugarcane bagasse degradation, little ef-
fect on the release of arabinose by AbfB was observed on arabin-
oxylan (Fig. 5A) and XynC efﬁciently formed xylooligosaccharides
from arabinoxylan (Fig. 5B). A shift of the hydrolytic ﬁngerprint
was evident when XynC and AbfB were incubated together
(Fig. 5C). As indicated by the arrows, some peaks were signiﬁcantly
less intense or disappeared when both enzymes were present
(Fig. 5B and C). Additionally, the arabinose peak was signiﬁcantly
more intense after action of both enzymes, suggesting that arabi-
nose-branched xylooligosaccharides were degraded.
Collectively, the results suggest that the synergistic improve-
ment of xylooligosaccharides production when both enzymes were
combined is correlated by the action of AbfB on xylooligosaccha-
rides having a arabinofuranose residue. HPLC and capillary electro-
phoresis analysis using two types of plant polysaccharide were
consistent with the major action of AbfB on xylooligosaccharides.
The xylo-oligomers production is appealing for functional foods
T.A. Gonçalves et al. / Bioresource Technology 119 (2012) 293–299 299due to the positive effects of oligosaccharides to the gastrointesti-
nal microbiota which promote several beneﬁts to human health,
such as reducing gut constipation, facilitating digestion and nutri-
ent absorption and prevention of gastrointestinal infections by pre-
venting the proliferation of pathogenic bacteria (Gullon et al.,
2010; Moure et al., 2006; Teng et al., 2010; Yang et al., 2011).4. Conclusions
This work showed not only the secretion of an endo-xylanase
(GH11) and an arabinofuranosidase (GH54) by a fungal expression
system with potential biotechnological application, but also the
comprehensive functional characterization of both enzymes. The
synergistic effect of these enzymes on natural substrates such as
sugarcane bagasse, demonstrated the biotechnological potential
of using GH11 and GH54 for production of probiotic xylooligosac-
charides from plant biomass. Our ﬁndings shed light on enzymatic
mechanisms for xylooligosaccharide production, as well as provide
basis for further studies for the development of novel enzymatic
routes for use in biomass-to-bioethanol applications.
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